MATERIALS AND METHODS
This study was a fully completed prospective phase I trial of 9 patients who underwent islet transplantation and completed 2 years of follow-up. Enrolled patients, >18 years of age, had diabetes mellitus and >5 years of hypoglycemia unawareness or frequent hypoglycemic episodes, despite maximal diabetes care. Patients had a body mass index ≤28 kg/m 2 , required ≤0.7 units of insulin per kilogram body weight, had a renal glomerular filtration rate of ≥60 mL/min (or serum creatinine <1.6 mg/dL), were not on chronic steroid therapy of prednisone >5 mg/d or equivalent, and had no liver disease by liver sonography, coagulation disorder, or portal hypertension, clinically and by Doppler sonography. Patients were evaluated according to a set protocol, approved by the Baylor Scott and White Research Institute institutional review board (IRB; approval number: 008-095). Individual patient data were assessed for risks due to immunosuppression therapy after transplant. Patients found eligible for islet allotransplantation were presented for approval by the common Kidney and Pancreas Selection Committee of Baylor Annette C. and Harold C. Simmons Transplant Institute (Dallas, TX). Eligible patients were placed on the deceased donor waiting list.
Deceased donors were evaluated and managed by the local organ procurement organization. Donor data were evaluated by the principal investigator before organ acceptance. Islet preparations were obtained from deceased organ donor pancreata according to the national organ allocation system. Following multiorgan procurement, the pancreas was brought to our Food and Drug Administration (FDA)-approved current good manufacturing practice facility for islet isolation. Following isolation, the islets were not placed in culture. Final review of the preparation included ABO blood type compatibility between donor and recipient, islet mass ≥4000 islet equivalents (IEq)/kg body weight, negative Gram stain and negative up-to-date donor cultures, endotoxin <5 units/kg recipient body weight, islet viability >70%, and islet purity >30%. Upon release from the laboratory, the islet preparations were taken to the interventional radiology suite at Baylor Scott and White All Saints Medical Center (Fort Worth, TX) and infused intraportally via the percutaneous, transhepatic route. Portal venous pressure was monitored throughout the infusion procedure. The transplant was performed after a negative donor-recipient flow crossmatch with no donor-specific antibodies (both for first and second infusions).
Anti-inflammatory blockade comprised etanercept (Enbrel) 50 mg intravenously on the day of islet infusion, followed by 25 mg subcutaneously on days 3, 7, and 10 postinfusion, and anakinra (Kineret) 100 mg subcutaneously on the day of infusion and daily for 7 days after infusion. The dosage was similar to the one used in inflammatory diseases. 7 Of note, all patients received information about the FDA warning of increased risk of infections with administration of etanercept and anakinra as part of the informed consent before enrollment in the study. We limited the exposure to the anti-inflammatory medications to the early posttransplant period, as we surmise that IBMIR and the process of engraftment are self-limiting, and should not continue beyond that time.
Patients received immunosuppression induction therapy with anti-thymocyte globulin (Thymoglobulin) (first 7 patients) or alemtuzumab (Campath) (next 2 patients). Steroid therapy was used only for premedication before anti-thymocyte globulin infusion. Maintenance immunosuppression was achieved with a combination of tacrolimus, aiming for serum trough levels of 3-7 mg/dL, and mycophenolate.
Anticoagulation therapy was administered as a means of preventing portal vein thrombosis, with heparin 70 units/kg body weight in the islet preparation, followed by enoxaparin (Lovenox) subcutaneously 30 mg every 12 hours for 14 days.
Patients remained on insulin therapy as needed, with gradual weaning of insulin based on glycemic control. Patients who did not achieve insulin independence 6 weeks after the islet infusion or who became insulin free and subsequently insulin dependent in follow-up were considered for a second islet transplant. The same process used in the initial islet infusion was observed for a second infusion. While the protocol allowed a third islet infusion, this was not performed in the study.
Patients were monitored prospectively for 2 years after the last islet infusion for the study procedures and for safety thereafter. The islet infusion and follow-up protocol were approved and periodically reviewed by the IRB.
Primary and secondary endpoints were assessed at 2 years following the last islet transplant. The primary endpoint was the elimination of severe hypoglycemic events and hypoglycemia unawareness, with proper glycemic control (hemoglobin [Hb]A1c, ≤7%), with or without insulin independence, with detectable serum C-peptide. Secondary endpoints included proportion of insulin independence, HbA1c values, number of hypoglycemic events, stimulated blood glucose level, the area under the curve of blood glucose levels and serum C-peptide response during a mixed meal tolerance test, and the average amount of daily exogenous insulin injection per kilogram of patient body weight. Insulin independence was defined as fasting blood glucose levels of ≤126 mg/dL and 2-hour postprandial levels ≤180 mg/dL, without exogenous insulin.
RESULTS
Nine patients underwent islet allotransplantation in an IRB-approved protocol. All patients completed at least 2 years of follow-up (range, 2-6.5 y). All patients were Caucasian, with a median age at first infusion of 50 years (range, 27-63); body mass index of 23.9 kg/m 2 (range, 19.1-28.1); duration of type 1 diabetes of 34 years (range, 19-44); insulin requirement of 0.4 units/kg (range, 0.3-0.7); and HbA1c of 7.8% (range, 6.0%-9.4%).
The immediate follow-up after islet infusion was quite unremarkable, except for 1 patient who underwent laparoscopic exploration the day after islet infusion for bleeding from the liver puncture site. There was no active bleeding at the time of surgery; a large hematoma was evacuated. The patient received a transfusion of 5 units of packed red blood cells. Liver enzymes and bilirubin were normal at the time, peaked at day 14, and normalized. The initial insulin dose was same as pretransplant baseline (30 units/d), and the patient became insulin independent at 3 months.
Routine Doppler sonogram of the liver performed the day after islet infusion showed no evidence of thrombus in the portal vein and its main branches in all patients. One patient had slow blood flow in the portal vein after the first islet infusion, which normalized during follow-up with sonogram, and a normal venous portogram at the second islet infusion. Routine Doppler sonogram in follow-up to 2 years showed no abnormalities in all patients.
Liver enzymes and bilirubin were obtained according to our protocol days 0, 1, 2, 3, 7, 14, and thereafter. The maximum total bilirubin was 0.6 ± 0.4 mg/dL, the maximum alkaline phosphatase was 80 ± 42 U/L, with aspartate aminotransferase 70 ± 53 U/L, and maximum alanine aminotransferase was 59 ± 48 U/L, observed at day 1 after islet infusion ( Figure 1 ). Higher peak levels of alkaline phosphatase, aspartate aminotransferase, and alanine aminotransferase on day 1 post second infusion were observed in 3 out of 4 recipients with second transplant when compared with those post first infusion; however, the elevations were within grade 1 of Common Terminology Criteria for Adverse Events version 4.0 scale. Beyond day 1 posttransplant, the maximum bilirubin was 0.7 ± 0.3 mg/dL, the maximum alkaline phosphatase was 113 ± 49 U/L, with aspartate aminotransferase 101 ± 61 U/L, and the maximum alanine aminotransferase was 136 ± 81 U/L, observed at days 6-14 after islet infusion. Second islet infusions resulted in higher alkaline phosphatase and aspartate aminotransferase levels in only half of the cases, and only 25% had higher alanine aminotransferase levels with a second infusion. The enzymes normalized in all cases after each infusion.
The mean islet infusion dose was 8967 IEq/kg body weight (range, 3582-6395), for a total dose per patient of 12 999 IEq/kg (range, 6842-24 829) in 1 or 2 preparations (5 and 4 patients, respectively) ( Table 1 ). Mean portal vein pressure, obtained by direct manometry, was 8.7 ± 4.2 mm Hg at the start of the procedure, and 15.3±4.8 mm Hg at the end, with a rise of 7.9 ± 5.4 mm Hg, which was not clinically significant. Pressures were similar for the first and the second infusion. Figure 2 shows the function of the transplants for each of the 9 patients, and Figure 3 shows their insulin requirements. Four patients received 2 islet infusions. Patient 1 became insulin independent on day 49 after the first islet Another 5 patients received 1 islet infusion. Patients 2 and 9 achieved insulin independence for 2-4 years (islet dose 12 010 and 8713 IEq/kg, respectively), with patient 2 returning to insulin >4 years after transplant. Patient 4, despite receiving 9367 IEq/kg, did not achieve insulin independence and was listed for a second infusion; however, the patient decided to drop out of the study due to side effects of immunosuppression 18 months after the initial islet infusion. Patient 6 had primary nonfunction and patient 7 had acute loss of islet function at 13 months after the islet infusion-both with elevated levels of anti-glutamic acid decarboxylase (GAD) 65 antibody. Both were not considered for a second islet infusion.
Six out of 9 patients had excellent glycemic control at 2 years, defined by fasting blood glucose <126 mg/dL, a negative intravenous glucose tolerance test, HbA1c of <6% (Figure 4) , and no hypoglycemia unawareness. Kaplan-Meier estimate did not show a difference in glycemic control (P = 0.85) ( Figure 5A ) or insulin independence with 1 or 2 islet infusions (P = 0.32) ( Figure 5B ).
Despite double cytokine blockade, none of our patients had infectious episodes during the entire study.
HLA antibodies were monitored with Single Antigen Bead Luminex assay (One Lambda, Canoga Park, CA). None of the patients had preformed donor-specific antibodies before the transplant. Either class I or II HLA antibodies were detected in all patients except patients 1 and 5 during the study period. Donor-specific antibodies, all of which were de novo, were observed in patients 3, 7, and 8. Patient 3 had multiple antibodies, all after the second islet infusion, some with mean fluorescence intensity up to 9000 developing 9 months after, and decreasing thereafter. Five patients developed persistent antibodies (54.5%): 2 against class I, and 3 against both class I and II. Except for patient 3, all antibodies observed had 1000-4000 mean fluorescence intensity. The development of alloantibodies did not correlate with islet function (Table 2) .
Antibodies to GAD65, islet antigen-2, microinsulin autoantibody, and zinc transporter 8 were obtained at the time of transplant and through follow-up ( Figure 6 ). Patient 4 had anti-GAD65 antibodies at the time of transplant. She did not gain insulin independence and ultimately dropped out of the study. Patient 6, with pretransplant anti-GAD65, developed primary nonfunction; patient 7, who developed anti-GAD65 early (d 28), lost the graft as well. However, patient 3, who developed anti-GAD65 9 months after her second infusion, lost insulin independence but has graft function.
Immunosuppression was maintained with tacrolimus and mycophenolate. Minimum tacrolimus levels were 3.7 ± 1.1 ng/ mL, and maximum levels were 7.95 ± 1.7 ng/mL. The trough levels were not different than the average (higher or lower) before return to insulin use.
DISCUSSION
Our results suggest that the use of early double cytokine blockade (against IL-1β and TNF-α) is associated with diminished intrahepatic inflammation, as indicated by only slight elevation of liver enzymes and no hyperbilirubinemia. There were no early infectious complications after islet allotransplantation and no serious adverse events related to infections throughout the 2-year follow-up, despite immunosuppression. Six out of 9 patients achieved excellent glycemic control, with no hypoglycemia unawareness.
Islet allotransplantation is a treatment option in type 1 diabetics with poor glucose control, especially those with frequent hypoglycemic events and hypoglycemia unawareness, despite maximal care by a dedicated diabetes team and despite proper patient compliance. 1, 8 Hypoglycemic events can be incapacitating, significantly altering life, with patients refraining from driving or operating machinery. Unfortunately, hypoglycemia unawareness is associated with mortality in follow-up or on the waiting list for transplantation. 9 While initially the goal was to obtain insulin independence, 10 currently the primary accepted objective for islet transplantation is resolution of hypoglycemia unawareness, with or without insulin independence.
Compared with solid organ transplantation, islet transplantation has lower morbidity and mortality. 11 However, compared with insulin treatment, islet transplantation requires immunosuppressive therapy with its associated risks of infection, malignancy, 12 hypertension, nephrotoxicity, 13 and sensitization with islet loss. 14, 15 There is gradual islet loss over time, which can be multifactorial (immediate loss, autoimmunity, alloimmunity, toxicity). The Edmonton group recognized the need for a good islet preparation to attain insulin independence and described a threshold of islet mass infused, aiming for a total islet dose of ≥10 000 IEq/kg body weight, from 2 separate islet infusions from 2 separate donors. 16 Subsequently, insulin independence was achieved with single islet infusions of ≥7000 IEq/kg. 17, 18 Once instant blood-mediated inflammatory reaction was recognized as an important factor in islet loss immediately after transplantation, 3, 19 emerging islet transplant protocols included anti-inflammatory agents such as etanercept, which were associated with better engraftment. 6, 20 As the nonspecific inflammatory response is multifactorial, we sought the added blockade of IL-1 (as IL-2 is affected by tacrolimus used for immunosuppression maintenance). Anakinra, an IL-1β inhibitor, is FDA approved for refractory rheumatoid arthritis. The use of etanercept and anakinra in combination has been reported in an animal model 21 and in 2 patients of human islet transplantation in Japan. 22 However, the FDA issued a warning not to use it in conjunction with etanercept, citing the risk of serious infections in patients with rheumatoid arthritis. 7 Our patients were specifically informed about this risk. We surmised that islet transplantation is a procedure during which there is minimal infectious contamination, if any, and requires a relatively short hospital stay, which lowers the infectious risk. Also, the administration of etanercept and anakinra is restricted to the first 7-0 days after islet transplantation compared with longer treatment regimens in autoimmune diseases, spanning months (24 wk), and use in patients on steroids and methotrexate. 22 Based on this difference, we assumed that the infectious risk in our patients would not be as high as with other indications of treatment. Indeed, none of our patients experienced serious infections in the follow-up, even while they received induction immunosuppression therapy, which is a known, independent risk factor for serious infections. We did not notice any side effects related to etanercept, anakinra, or the combination thereof. There were no serious adverse events related to infections during the 2-year study period. Of note, our maintenance immunosuppression aimed for the lowest doses/levels possible. We have published preliminary results comparing 3 patients using double cytokine blockade, compared with 3 patients who received etanercept only. Double blockade resulted in insulin independence using a single islet infusion, compared with 2 infusions with etanercept blockade only. 23 Our group has been using the combination of etanercept and anakinra in islet autotransplantation with the good safety profile. 24 The initial administration of a high quality and quantity of islets and reduction of inflammation are important factors in the achievement and maintenance of good glycemic control. However, these factors are not a guarantee of long-term function, where other factors come into play. We have shown that almost all patients develop alloantibodies to their graft at some point in the follow-up. However, only 1 of our patient developed transiently very significant sensitization. Some also develop autoantibodies, such as anti-GAD65, with various consequences, from the abrupt loss of the islet graft to 1 case with maintenance of islet function (with loss of insulin independence). We have not found a consistent correlation between antibody development and graft outcome. Not only are there no effective agents in use to mitigate these factors, but a complete list of factors that contribute to later islet use is yet to be determined. Our maintenance immunosuppression was tacrolimus-based, with trough levels of 3-7 ng/dL, in an attempt to avoid over immunosuppression (and possible islet toxicity from tacrolimus). Return to insulin did not correlate with the trough levels of tacrolimus. However, low maintenance tacrolimus could trigger the emergence of alloantibody or even autoantibody.
Our study has limitations-as the number of subjects is small and we had no control group. While we transplanted patients using etanercept without anakinra in the past, that group could not have been used as historical controls because they also received a different immunosuppression regimen. Ultimately, graft survival is multifactorial, and it is very hard to assess the benefit of anti-inflammatory agents in isolation. It is conceivable that offering the best engraftment potential improves the long-term results.
The use of double cytokine blockade at the time of islet allotransplantation is safe, with reduction of inflammation at transplantation and presumably with better engraftment. However, it does not influence later islet loss from T-cellmediated autoimmunity and alloimmunity, which require different strategies to maintain long-term islet function.
